ABSTRACT. A ^n//e element model was developed to determine the moisture diffusivity of soft and hard endosperms of a corn kernel The diffusivities were estimated by optimizing the experimental and model predicted moisture adsorption data. The mean moisture diffusivity of both the endosperms increased with increasing air temperature, but decreased with increasing relative humidity. Moisture diffusivity of soft endosperm (0.51 xlQ-'^ to 1.51 xl(H m^/h) was higher than that of hard endosperm (0.29 x 10-^ to 0.84 x 10~^ m^/h). Keywords. Finite element. Moisture content. Simulation, Diffusivity, Adsorption. C om kemel is hygroscopic and composed of four major components, namely pericarp, germ, and soft and hard endosperms (Pomeranz, 1987) . The hard endosperm is denser and found on the sides and back of the kemel and bulges in toward the center at the sides. The soft endosperm fills the crown (upper part) of the kemel and extends downward to surround ttie germ. However, com is usually assumed as a single homogeneous material in modeling adsorption and/or desorption processes. Moisture diffusivity of com kemel components are needed to accurately predict the moisture transport during different grain conditioning operations: storage, drying, and aeration. In this article, which is Part III of the three-part series of articles presenting moisture diffusivity of com kernel components, the effective moisture diffusivity of soft and hard endosperms of com during adsorption are presented. The moisture diffusivity of com germ and pericarp during adsorption were reported in Parts I and II, respectively (Muthukumarappan and Gunasekaran, 1994a, b).
Cook et al., 1989
). The finite element technique provides flexibility and versatility necessary for the analysis of such continuum problems where material behavior, configuration, and boundary and loading conditions are complex.
Moisture diffusion in a variety of stored foods was modeled by Lomauro and Bakshi (1985) using the FEM. Their results closely approximated the analytical solutions and experimental results. Hong et al. (1986) used the FEM for predicting moisture transfer in mixed food products during storage. They reported a maximum error of 0.84% between experimental and predicted average moisture content. Syarief et al. (1987) reported different diffusion coefficient data for com kemel components during drying. By optimizing the experimental and FEM predicted data, they concluded that the diffusion coefficient of the germ is the largest, followed by those of the soft and the hard endosperms, and then by that of the pericarp. Lu and Siebenmorgen (1992) simulated the moisture adsorption of long-grain rough rice using the FEM. They determined the diffusivities of the hull, bran, and endosperm by assuming rice kemel as a composite body with the shape of a prolate spheroid.
Diffusion of moisture is generally enhanced by the temperature of fluid medium (air) and has an exponential relationship (Arrhenius-type) with the inverse of the fluid temperature. However, the effect of relative humidity is not clearly established. Muthukumarappan and Gunasekaran (1994a, b) described the temperature dependency of moisture diffusivity of com germ and pericarp during adsorption by an Arrhenius-type function. The diffusivity was inversely related to the relative humidity.
The objectives of this investigation were to:
• Determine effective moisture diffusivity of soft and hard endosperms of com during adsorption using the finite element method.
• Determine the effect of temperature and relative humidity of the environment on moisture diffusivity.
THEORETICAL CONSIDERATIONS
Moisture ratio (MR) of a multicomponent system can be modeled as:
MRi(t)«EXijMRj(t)
(1) where i =com type (1 « soft com and 2 = hard com) j «com components (1 = germ, 2 = soft endosperm 3 « hard endosperm) Explanations for all symbols and notations are provided separately under Nomenclature. A com kemel without pericarp was considered for this study. In the present case the components under consideration are soft and hard endosperms and germ.
The cartesian coordinates were used to represent the com kemel without pericarp as a two-dimensional body. The general diffusion equation which describes the moisture transport has the form:
In two-dimensions it becomes:
aM ay
The initial and boundary conditions are: 
where Q constitutes the complete boundary surface for the body. Since the boundary condition (eq. 5) better represented the moisture adsorption of com germ and pericarp (Muthukumarappan and Gunasekaran, 1994a, b) , the same boundary condition was used for this study also. The element equations were developed by transforming the governing differential equations by use of the Galerkin's weighted residual approach. After the formulation, the element equations can be written in a simplified form as:
where the element moisture capacitance matrix.
[Cij]-[N,N. dxdy
and the element moisture conductance matrix.
Assembling the element matrices in equation 6 using equations 7 and 8, the global matrix equation can be written as: 
METHODS
The diffusivities of the soft and hard endosperm were determined using equation 2 along with the adsorption data for soft (FR27 x M017) and hard (P3576) com. The details of sample preparation and adsorption tests are presented in Muthukumarappan and Gunasekaran (1994a, b) . The mass of individual components was determined by carefully breaking and weighing the component fragments from five kemels from each com type. Amount of moisture in the individual components was estimated from the total amount of moisture in each com type (S^) and the component mass fraction (Xy). The soft corn was composed of 5% pericarp, 10% germ, 48% soft endosperm, and 37% hard endosperm, and the hard com was composed of 4% pericarp, 9% germ, 21% soft endosperm, and 66% hard endosperm (Muthukumarappan, 1993) . It was assumed that the differences in moisture diffusion between the two types of com were due to different amounts of soft and hard endosperms in both types of com. Then, the amount of moisture in each component (Mj) was determined by normalizing the total mass of both types of com to the component's total mass as:
In determining the soft and hard endosperm diffusivity values, the finite element model described in the previous section was used. For the transient case under consideration, an implicit technique (backward difference scheme) was used which is unconditionally stable. The final system of equations incorporating the known boundary conditions, has the following form: The diffusivity values were estimated by optimizing the experimental and finite-element predicted moisture content data of the individual components. A com kemel without pericarp was considered for the analysis. The cross-section of the com kemel showing three distinct regions of germ, soft, and hard endosperms is shown in figure 1. The crosssection presented is through the narrowest dimension of the kemel. The two-dimensional cross-section was selected based on average dimension of the two hard com kemels. Two hard com kemels were cut through the narrowest dimension of the kemel. Then the cut kemels were mounted on 10-x 10-mm aluminum cylindrical stubs using double-sided sticky tape. Further, silver paint was applied around the sides of the kemel. The mounted samples were sputtered with gold to a thickness of about 2?0° A using Bio-Rad Polaron Division Gold Coater (model E5000M SEM Coater). The samples were examined in a scanning electron microscope (model Hitachi S-5?0) at an accelerating potential of 10 kV and corresponding dimensions were used. A finite-element discretization of the kemel is shown in figure 2. The two-dimensional model in cartesian coordinates consists of 53 elements.
The diffusivity values of the germ determined previously (Muthukumarappan and Gunasekaran, 1994a) using analytical model were used in the three component finite element model. Since we have two variables to optimize (the diffusivity of soft and hard endosperm), two models were considered simultaneously. For the first model called "hard endosperm model" an initial diffusivity value of soft endosperm was assumed and the hard endosperm diffusivity value was predicted. And for the second model called "soft endosperm model" the previously estimated hard endosperm diffusivity was used and the new soft endosperm diffusivity was predicted. This procedure was repeated until the sum of square deviations (SSD) between the experimental and predicted moisture data was minimized. A subroutine based on the Gold Section search method (Jacoby et al., 19?2) was used to optimize the diffusivity evaluation process. The moisture diffusivity is usually estimated by optimizing the experimental and model (analytical or numerical) predicted moisture adsorption data. Since the moisture diffusivity was not measured experimentally, the moisture diffusivity values determined using the numerical method should be verified using another method like analytical model. Moreover, the moisture diffusivity of com germ which was determined using one-dimensional analytical method was used in the finite element model to determine the moisture diffusivities of com endosperms. diffusivity of the germ was estimated using the finite element model and compared with the analytical solution. Since the com germ is homogeneous, the results of the finite element model were verified with the results of the analytical model. The moisture diffusivity of the germ exposed to air at 35° C and 75% RH was estimated by optimizing the experimental and finite element predicted moisture adsorption data of the com germ. For this the cross-section of germ only was considered ( figs. 1 and 2) .
RESULTS AND DISCUSSION

FINITE ELEMENT MODEL VALIDATION
Moisture diffusivity of the germ exposed to air at 35° C and 75% RH was estimated using the finite element model developed in this study. The moisture diffusivity of the germ estimated using the finite element model was 0.564 nfi/h in comparison with 0.656 m^/h obtained using the analytical solution (Muthukumarappan and Gunasekaran, 1994a) . From physical considerations one would expect that the moisture diffusivity values should be higher for one-dimensional model than for twodimensional model. The experimental moisture ratio of germ exposed to air at 35° C and 75% RH along with the analytical and finite element predicted moisture ratios are presented in figure 3. Both analytical and finite element models closely predicted the experimental germ adsorption data. The SSD between the experimental and finite element solution was lower (0.0085) than the SSD between the experimental and the analytical solution (0.0299). Hence, the finite element model better predicted the experimental germ adsorption data than the analytical model. The differences could be because the finite element model is two-dimensional and the analytical model is onedimensional.
MOISTURE DIFFUSIVITIES OF SOFT AND HARD ENDOSPERM
The experimental and finite element model predicted moisture ratios of soft and hard endosperms exposed to air at 35° C and 90% RH are presented in figure 4. The Based on the SSD values (table 1) , the soft endosperm model predicted experimental data better than the hard endosperm model. The moisture diffusivity of hard endosperm was lower than the soft endosperm. The average diffusivity of soft and hard endosperms increased with increasing air temperature and decreased with increasing air relative humidity. These trends are similar to those for com germ and com pericarp (Muthukumarappan and Gunasekaran, 1994a, b) and has been further explained in Muthukumarappan and Gunasekaran (1994a) . From the multifactor analysis of variance (STSC, 1991) it was found that the differences in moisture diffusivity between soft and hard endosperms, air temperatures and relative humidity were statistically significant at the 0.05 level.
The mean moisture diffusivity of the soft endosperm exposed to air at 35° C and 80% RH (1.14 x 10-7 m^/h) is the largest, followed by hard endosperm (0.68 x 10-7 ni2/h), germ (0.32 x 10-7 in2/h) and pericarp (0.49 x 10"^ m^/h). From these results, it is evident that the pericarp offers the most resistance to moisture diffusion followed by germ, hard endosperm, and soft endosperm. Based on these values the diffusivity of composite com is expected to be less than 1.14 x 10-^ m^/h. However, the mean moisture diffusivity of composite com kemels with and without pericarp exposed to 35° C and 80% RH are 1.21 X 10-7 and 1.34 x 10-7 ^^l/y^ (Muthukumarappan and Gunasekaran, 1994a, b). These values are higher than expected because they were obtained via one-dimensional analytical models rather than the finite element analysis. Moreover, the analytical model assumed a regular infinite slab geometry for a com kemel and the finite element analysis assumed an actual irregular shape. Muthukumarappan and Gunasekaran (1990) compared the diffusivities of com kemels for three different geometry representations. They found that the diffusivity values of com kemels using the infinite slab geometry were about 1 to 2.5 times the diffusivity values using the infinite cylinder geometry. Thus use of more nearly identical models would allow for a better comparison.
TEMPERATURE DEPENDENCY OF MOISTURE DIFFUSIVITY
Temperature dependency of the diffusivity of com endosperms were fitted to the Arrhenius-type function used by Muthukumarappan and Gunasekaran (1994a, b) for com germ and pericarp. The model coefficients and the corresponding R^ (coefficient of determination) values for com endosperms at all RH conditions are summarized in table 2. In view of the high R^ values, the temperature dependency of diffusivity was satisfactorily described by the Arrhenius-type model.
CONCLUSIONS
• A finite element model was developed to determine the moisture diffusivities of soft and hard endosperms and describe the adsorption behavior of a com kemel by predicting average moisture content of the com kemel. • Moisture diffusivity of soft endosperm (0.51 x 10-^ to 1.51 X 10-"^ m^/h) was higher than that of the hard endosperm (0.29 x 10-^ to 0.84 x 10-7 m2/h). • Mean moisture diffusivity values of soft and hard endosperm of corn kernels increased with air temperature and decreased with relative humidity.
• Temperature-dependency of the moisture diffusivity of the corn endosperms can be satisfactorily described by an Arrhenius-type model.
